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METHODS AND APPARATUS OF ETCH PROCESS CONTROL IN 
FABRICATIONS OF MICROSTRUCTURES 

TECHNICAL FIELD OF THE INVENTION 
[0001] The present invention is related generally to the art of fabrications of 
microstructures which includes such devices as microelectromechanical systems, 
semiconductor devices, and, more particularly, to methods and apparatus of controlling 
etching processes in fabrications of the microstructures. 

BACKGROUND OF THE INVENTION 
[0002] Sacrificial layers of selected sacrificial materials are commonly used in fabrications 
of microstructures, such as microelectromechanical systems and semiconductor devices. One 
type of sacrificial material is amorphous silicon. Once the desired structures of the 
microstructure are formed, the sacrificial layers are removed by etching. The success of the 
etching process depends upon the selectivity of the etching process, wherein the selectivity is 
defined as a ratio of the amount of sacrificial material being removed to the amount of the 
structural material being removed. Performance, uniformity and yield can all be improved 
with increases in the etch selectivity. 

[0003] More recently, the etching method using selected gas phase etchants has drawn 
increased interest in fabricating microstructures due to its many advantages, such as potential 
high selectivity, less contamination and less process stiction as opposed to other possible 
etching methods, such as a wet etching techniques. In terms of the different ways of feeding 
the selected gas etchant into the etch chamber containing the microstructure to be etched, the 
current etching method has two major categories - continuous etchant feeding and one-time 
(Batch) etchant feeding. In a typical continuous etchant feeding process, the gas etchant 
flows through the etch chamber until the sacrificial materials of the microstructure are 
exhausted by the chemical reaction inside the etch chamber. This etch process is unfavorable 
because of its poor etchant usage efficiency and other disadvantages. In a typical one time 
etchant feeding process, the selected gas etchant is introduced into the etch chamber at one 
time and a chemical reaction occurs between the gas etchant and the sacrificial materials 
inside the etch chamber. This etch feeding technique improves the etchant usage efficiency 
and the possibility of precise control of the etching process. However, it also has 
disadvantages. For example, because the gas etchant and the sacrificial materials and the 
chemical reaction therebetween are confined in the etch chamber throughout the etching 
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process, the etching product (reaction product) will accumulate within the etch chamber. The 
accumulation may result in the deposition of the etching products on the surface of the 
microstructure. In addition, because the amount of the etchant fed into the etching system at 
one time is fixed and the maximum amount of the sacrificial material that can be removed by 
the fixed amount of the etchant is limited for a given etching system, the maximum amount 
of the etchant fed into the etching at one time may not be enough to remove a larger amount 
of the sacrificial material. One approach to solve the etchant quantity limitation is to feed 
additional amounts of the etchant into the etching system in a discontinuous fashion. For 
example, in feeding an additional amount of the etchant, the etching system is pumped out 
and then provided with the additional amount of the etchant. During the pumping out 
process, the chemical reaction between the etchant and the sacrificial material, thus the 
etching process, is stopped until the additional amount of the etchant is provided. This 
feeding process, however, may cause "etch front marks" and / or etching non-uniformities in 
the microstructures after etch. For example, when the first amount of the etchant fed at one 
time into the etching system is not enough to remove all sacrificial materials in the 
microstructure, the boundaries of the sacrificial material (the etch front) may create "marks" 
in the structures of the microstructure when the chemical reaction (etching process) is 
stopped due to the lack of the etchant. These "marks" may be permanent throughout and 
even after the etching process. 

[0004] In addition to the disadvantages mentioned above, none of these etching processes 
addresses the issue of non-uniform etch due to the surface variation of the sacrificial material 
during etching processes. The etch non-uniformity may arise from etch surface variations, 
especially in an etching process for a wafer having a plurality of dies, each of which has one 
or more microstructures. In this situation, the dies around the edge of the wafer and the dies 
near the center of the wafer experience different etching rates. Moreover, the microloading 
effect can result in etch rate variation within a single die. Since the selectivity often depends 
upon the etching rate, unstable etching rate may result in etching non-uniformity to the 
microstructures. As a consequence, the microstructures in different dies may be etched non- 
uniformly, which is better illustrated in FIG. la and FIG. lb. 

[0005] FIG. la plots the etching rate and the surface area of the sacrificial materials versus 
etching time during a typical etching process for a plurality of microstructure dies on a wafer 
shown in FIG. lb. During the first 540 seconds, the surface area of the sacrificial materials of 
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all microstructures of the dies deceases slowly with time. Accordingly, the etching rate 
(plotted in the dotted line) increases to around 22 angstrom /second during the first 160 
seconds followed by a slow increase over time thereafter. During the following 160 seconds 
(from 540 to 700 seconds), the surface area of the sacrificial material presents a steep drop 
followed by a slow decrease after 700 seconds. Accordingly, the etching rate increases 
dramatically from 540 to 700 seconds, and increase slowly afterwards. This phenomenon of 
steep decrease in the surface area and dramatic increase in the etching rate arises from a fact 
that, during the 240 seconds (from 540 to 780 seconds), the sacrificial material of the dies 
(plotted in shaded areas in FIG. lb) around the edge of the wafer is removed due to less 
sacrificial materials in these dies than those close to the center of the wafer. Because the etch 
rate is proportional to the concentration of the etchant gas, the rest of the sacrificial materials 
will experience a much faster etch rate. This etching rate difference may cause unexpected 
performance differences of the microstructures of the dies around the edge of the wafer and 
the microstructures of the dies close to the center of the wafer. 

[0006] Therefore, a method and apparatus is desired for efficiently and uniformly removing 
sacrificial layers in microstructures using selected gas phase etchant. 

SUMMARY OF THE INVENTION 
[0007] In view of the forgoing, the present invention teaches a method for removing the 
sacrificial materials in fabrications of microstructures using one or more selected spontaneous 
vapor phase etchants. A spontaneous chemical etchant is an etchant such that a chemical 
reaction between said etchant and a sacrificial material occurs spontaneously and does not 
require activation energy. A spontaneous vapor phase etchant is a chemical etchant that 
spontaneously reacts with the sacrificial material in vapor phase. In particular, the present 
invention provides a method for controlling the etching rate during the etching process by 
feeding the etchant based on a detection of an amount of the etchant or an etch product. 
[0008] In an embodiment of the invention, a method is disclosed. The method comprises: 
loading a microstructure into an etch chamber of the etch system, wherein the microstructure 
comprises a sacrificial material and one or more structural materials; providing an amount of 
a spontaneous vapor phase etchant recipe to the etch system; and providing an additional 
amount of the etchant recipe to the etch system at a time that is determined based on a 
measurement of an amount of a chemical species. 
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[0009] In another embodiment of the invention, a method is disclosed. The method 
comprises: loading a microstructure into an etch chamber of an etching system; and providing 
an etchant recipe to the etch chamber over time, wherein an amount of the etchant recipe per 
time unit varies. 

[0010] In yet another embodiment of the invention, a method for etching a microstructure 
in an etch chamber is disclosed. The method comprises: providing an etchant recipe to the 
etch chamber over time, wherein an amount of the etchant is varied when a change of a 
measured parameter beyond a predetermined value. 

[0011] In yet another embodiment of the invention, a method of etching a plurality of 
microstructures in an etch chamber is disclosed. The method comprises: collecting data of a 
parameter during a first etching process for a first microstructure using an etchant recipe; 
determining a variation profile of the parameter in the first etch process; and etching a second 
microstructure in a second etching process using the etchant recipe based on the collected 
data of the parameter in the first etching process. 

[0012] In yet another embodiment of the invention, a method of etching a plurality of 
microstructures in a plurality of etching processes is disclosed. The method comprises: 
collecting a plurality of data of a parameter that characterizes an etching process using an 
etchant recipe; storing the collected data; and etching a microstructure using the etchant 
recipe based on the collected data of the parameter. 

[0013] In yet another embodiment of the invention, a method is disclosed. The method 
comprises: loading a microstructure into an etch chamber of an etching system, wherein the 
microstructure comprises a sacrificial material and one or more structural materials; and 
etching the sacrificial material using a spontaneous vapor phase etchant recipe under a 
pressure of 1 atmosphere or higher, 

[0014] In yet another embodiment of the invention, an etching system is disclosed. The 
etching system comprises: an etch chamber containing a microstructure, wherein the 
microstructure has one or more structural materials and a sacrificial material to be removed 
by a spontaneous vapor phase etchant recipe, the etch chamber further comprising: an agitator 
for agitating the etchant recipe gas within the etch chamber; a pump connected to the etch 
chamber for pumping out the etchant recipe gas out of the etch chamber; an exchange 
chamber attached to the etch chamber via an exchange chamber gate; and an etchant gas 
source containing a spontaneous vapor phase etchant of the etchant recipe. 
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BRIEF DESCRIPTION OF DRAWINGS 
[0015] While the appended claims set forth the features of the present invention with 
particularity, the invention, together with its objects and advantages, may be best understood 
from the following detailed description taken in conjunction with the accompanying drawings 
of which: 

[0016] FIG. la plots the etching rate and the calculated surface area of the sacrificial 
material versus the etching time in an exemplary etching process; 

[0017] FIG. lb illustrates a plurality of microstructure dies, each having one or more 
microstructures, on a wafer; 

[0018] FIG. 2 schematically illustrates a method of feeding spontaneous vapor phase 
etchant into an etch chamber containing a microstructure according to the invention; 
[0019] FIG. 3 schematically illustrates two separate circulation loops through which the 
selected spontaneous vapor phase etchant is circulated; 

[0020] FIG. 4 plots the etching rate, the concentration of a measured etching product and 
the surface area of the sacrificial material versus the etching time in an etching process 
according to an embodiment of the invention; 

[0021] FIG. 5 is a block diagram illustrating an etching system of the present invention; 
[0022] FIG. 6 is flow chart illustrating steps executed for etching samples using the etching 
system in FIG. 5; and 

[0023] FIG. 7 is a diagram schematically illustrating a portion of an etching system 
according to an embodiment of the invention. 

DETAILED DESCRIPTION OF THE EMBODIMENTS 
[0024] The present invention teaches a method for removing sacrificial materials in 
fabrications of microstructures using one or more selected spontaneous vapor phase etchants. 
During the etching process, the etching rate is controlled by feeding the etchant based on a 
detection of an amount of the etchant or an amount of etching product. 

[0025] Referring to FIG. 2, etching chamber 106 and detector 109 are part of an etching 
system of the present invention. The detector is preferably connected downstream of the etch 
chamber and dynamically measures the concentration of a chemical species, such as the 
etchant or an etch product, flowing out of the etch chamber. The measured concentration is 
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analyzed to obtain the etching process information, such as the etching rate (defined as the 
amount of the sacrificial material being removed per second) and / or etching product 
generation rate (defined as the amount of the etching product generated through the chemical 
reaction between the etchant and the sacrificial material per second) inside the etch chamber, 
which will be discussed in detail afterwards. In an embodiment of the invention, the detector 
is a MKS Process Sense that uses Infra-Red light to dynamically measure the concentration 
of an etch product. Other types of detectors, such as a Residual Gas Analyzer from 
AMETEK may also be used. Rather than detecting and analyzing the concentration of the 
etchant or the etch product so as to obtain the etching process information inside the etch 
chamber, other parameters, such as pressure inside the etching chamber may be measured and 
analyzed to obtain similar etching process information. 

[0026] The analyzed result from the detection result is then used to dynamically control the 
amount of the selected spontaneous vapor phase etchant fed into the etch chamber and the 
feeding time of the etchant and / or the time interval between two consecutive etchant 
feedings. 

[0027] As a way of example, a first amount of the selected etchant is fed into the etch 
chamber at the beginning of an etching process. The etchant chemically reacts with the 
sacrificial material within the etch chamber. The detector dynamically measures the 
concentration of the etchant or an etch product flowing out the etch chamber. Based on the 
measured concentration, etch rate that is proportional to the derivative of the concentration 
over time is calculated and compared with a predetermined value. When the etch rate is 
lower than the predefined value, a second amount of the selected etchant is then fed into the 
etch chamber. The value of the second amount can be determined in many ways. In an 
embodiment of the invention, the value of the second amount of the etchant is proportional to 
the remaining sacrificial material surface area, which can be calculated from a measured 
etchant feeding rate and etching product concentration. In this way, the etching rate can be 
maintained at a substantially constant value. This feeding process continues until the 
sacrificial material inside the etch chamber is removed. 

[0028] According to an embodiment of the invention, the etchant is fed into the etch 
chamber via an outer circulation loop that passes through the etch chamber and an exchange 
chamber in which the etchant is prepared, as shown in FIG. 3. When the selected etchant is 
prepared and to be fed into the etch chamber, the second loop is opened and the prepared 
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etchant is fed into the etch chamber. This is accomplished by a plurality of valves connected 
to the circulation loops, which will be discussed in detail afterwards. In addition to feeding 
the etchant into the etch chamber, the second loop is also used for venting the chemical 
reaction products out of the etch chamber. Specifically, a pump is connected to the second 
loop and pumps the reaction products outside the etching system. In an embodiment of the 
invention, the pump is connected to the exchange chamber and pumps the reaction products 
outside the etching system. 

[0029] After the prepared etchant is fed into the etch chamber, the second loop is closed 
and the circulation of the etchant is switched from the second loop to the first loop that passes 
through the etch chamber but not the exchange chamber. This switch from the second loop 
into the first loop is accomplished by a plurality of valves connected to the inner and second 
loop. As the etchant flows through the etch chamber via either loop, it chemically reacts with 
the sacrificial material of the microstructure inside the etch chamber, which generates one or 
more reaction products also in gas phase. Because the etchant is flowing through the etch 
chamber, the chemical reaction rate is faster and more uniform than that when the etchant is 
not flowing. After rounds of circulations via the first loop, the concentration of the etchant is 
decreased and the concentrations of the chemical reaction products are increased due to the 
chemical reaction between the etchant and the sacrificial material within the etch chamber. 
The increase of the concentrations of the etch products or the decrease of the concentration of 
the etchant is then measured and analyzed. The analyzed result is then used to determine 
whether to initiate the feeding of additional etchant into the etch chamber. If the analyzed 
result determines that an additional amount of etchant needs to be fed into the etch chamber, 
the amount of the additional etchant is determined concurrently. Then the second loop is 
closed. At least a portion of the reaction products is vented out from the exchange chamber. 
The additional etchant of the determined amount based on the analyzed result is prepared in 
the exchange chamber. The prepared additional etchant is fed into the etch chamber from the 
exchange chamber. 

[0030] The circulation via the first loop and the second loop continues until the sacrificial 
materials of the microstructure inside the etch chamber are substantially removed. 
[0031] In the following, the present invention will be discussed with references to 
embodiments in which spontaneous vapor phase XeF2 is used as the selected etchant for 
etching amorphous silicon of a micromirror device. It will be appreciated by those skilled in 
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the art that the following discussion is for demonstration purposes only, and it should not be 
interpreted in any ways as a limitation to the present invention. Instead, other variations to 
the following embodiments without departing from the spirit of the present invention may be 
employed. For example, the selected etchant can be other spontaneous vapor phase noble gas 
halide in addition to XeF 2 or spontaneous vapor phase interhalogen, such as bromine 
trichloride, or other proper chemical species, such as HF for removing amorphous (or porous) 
silicon or other sacrificial materials, such as tungsten, titanium or silicon oxide. 

ETCHING CHEMISTRY AND THEORETICAL ANALYSIS 

A list of symbols used in the following discussion 



r m Mass etching rate, mole/sec 

rh Thickness etching rate, angstrom/sec 

nsiF4 SiF 4 amount in mole, mole 

nxeF2 XeF2 amount in mole, mole 

CsiF4 molar concentration of SiF4, mole/liter 

CsiF4° molar initial concentration of SiF 4 , mole/liter 

CxeF2 molar concentration of XeF 2 at time t inside 

the etch chamber, mole/liter 
CxeF2° molar concentration of XeF 2 in the etchant 

recipe being fed into the etch chamber, 

mole/liter 
t Time, sec 

V e tch Volume of the etching chamber, liter 

Asi Area of the sacrificial material, cm 2 

k m Mass etching rate constant, cm/sec 

kh Thickness etching rate constant, 

angstrom/ (sec.torr) 
p Si Mass density of the sacrificial material, g/cm 3 

Msi Mass molar weight of the sacrificial material, 

g/mole 

h Thickness of the sacrificial material, 

angstrom 
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Q Etchant recipe feeding rate, defined as the 

volume of the exchange chamber divided by 
the feeding cycle time, liter/sec 

PxeF2 Pressure of XeF 2 in the etch chamber at time 

t, torr 

PxeF2 Pressure of XeF 2 being fed into the exchange 

chamber, torr 

[0032] The etching mechanism of XeF 2 with amorphous silicon is can be expressed as: 

2XeF 2 (gas) + Si (gas) == 2Xe (gas) + SiF 4 (gas) Equation 1 

Xe and SiF 4 are volatile etching products. Assuming the etching process is chemical reaction 
limited and the XeF 2 concentration is uniform in the etch chamber, the molar etching rate, r my 
and the thickness etching rate, n 9 can be defined as: 

dn siF 4 dC siF 4 = 2 dn * 

dt etch dt dt 

And the thickness etching rate is defined as: 



r m = ^ = V etth — p- = -2-2?- = k m A Si C XeF2 Equation 2 



r. = — = k. P v c Equation 3 

dt b XeF > 

wherein h is the thickness of the sacrificial material. And the relation between r m and n can 
be expressed as: 

dn SiF A Si p Si dh A „ A 

r m - — — = Sl Sl — = yA Si r h Equation 4 

dt M Si dt 

[0033] Based on the definitions of the etching rates n and r m in equations 2 and 3, the mass 
balance equation of SiF4 is: 

V** = -QC Si F 4 +r m = -QC SiF4 + yA Si r h Equatton 5a 

and the etching rates can be expressed in terms of the etching product SiF4 as 

1 -(V elch + QC stFt ) Equation 5b 
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By plugging C&F4 that is measured by the detector, etch rate rn can thus be obtained from the 
above equation. The etching rate can also be expressed in terms of the XeF 2 from the mass 
balance of XeF 2 : 

^^ = Q(C° XeF! -C Xef! )-2r m 

Equation 6 

dF XeF 2 __ Q spO _p x j KAsi p 
. " v i r XeF 2 XeF 2 / Z v XeF 2 
Ul Y etch Y etch 

The time dependence of the XeF2 pressure inside the etch chamber can be derived from 
equation 6. 



p = Q 

XeF 2 



Q + 2k m A Si ^ 



1 - exp 



P° XeF , Equation 7 



" Q + 2k m A st 

From equation 6, it can be deducted that the pressure of XeF 2 inside the etch chamber after 
enough long time is: 

^-odb^ EquatiooS 

Therefore, the equilibrium etching rate can be calculated as: 

h = VEm = — p °xeF2 = — PL = — PL Equation 9 

XeF2 Q + 2k m A Si XeF2 Q + 2yRTk h A Si **> Q + «k h A Si XeF > 

wherein /cis a constant defined as: 

K = 2 yRT = 2RTA * P » = 0.030868 

By combining equations 5b and 9, the time dependence of the surface area of the sacrificial 
material amorphous silicon can be derived, and expressed as following: 

r h = -+-(K, ch + QC SiFt ) = pL, Equation 10a and 

yA a dt Q + rdc h A Si 

A Si = -J- Equation 10b 

fihPxer, Kk h 

dC SiP4 

Vecth + QCsiF 4 

In order to obtain a constant etching rate, pressure PxeF2° of XeF 2 that is fed into the etch 
chamber, or the etchant recipe feeding rate Q can be adjusted according to equation 1 1 and 
equation 12, which are derived from equation 8. 
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(0 + 2k A~.) (Q + 2kA„)r? ^ . ln 

p<> - { ^ m Sl J p = m si' h Equation 11 

*-XeF 2 - Q ^ Q k h 4 

^Ag^ = 2k m AyP w rl Equation 12 

r XeF XeF K h r XeF 2 r h 

k h can be calculated by equation 10 at the beginning of the etching process when the surface 
area of the sacrificial material is still a constant. Alternatively, k h can be calibrated from a 
blank amorphous silicon wafer. Therefore, the surface area of the sacrificial material Am can 
be calculated from equation 10b and can be used to control the etchant feeding, such as the 
amount of the additional etchant fed into the etch chamber so as to obtain a substantially 
constant etching rate, which will be discussed in detail in the following. 

ETCHING RATE CONTROL SCHEME 

[0034] In an etching process, a first amount of spontaneous vapor phase XeF 2 that is 
preferably mixed with a diluent gas is fed into the etch chamber and starts the chemical 
reaction with the amorphous silicon. After a time period (e.g. around 100 seconds), the XeF 2 
gas reaches equilibrium. The detector, such as the MKS Process Sense, measures the 
concentration, Csu?4 9 of the etching product SiF 4 as a function of time. The derivative, 
(dC S iF4/dt) is calculated from the measured concentration Cssf* The measured C S iF4 and the 
calculated (dC SiF 4 / dt\ as well as other known parameters y, A Si ° (the initial area of 
amorphous silicon), V etch) and Q, are fed into equation 5b for calculating the initial etching 
rate r h °. As the XeF 2 reacts with the amorphous silicon, the concentration of XeF 2 decreases, 
while the concentration of SiF 4 increases. The detector dynamically measures the 
concentration, C SiF4 > of the etching product SiF 4 as a function of time. The derivative, 
(dC S iF4/di) is calculated in real-time from the measured concentration C SiF 4 by, for example, a 
data processing unit. Both C SiF 4 and {dCsm / di) are then feed into equation 10b for 
calculating the surface area A Si at time t of the amorphous silicon. During the etching 
process, the surface area A Si changes over time, resulting in the variation of the etch rate over 
time. In order to maintain a constant etch rate, additional amounts of the etchant are fed into 
the etch chamber. The additional amount of XeF 2 can be determined by equation 1 1 and 
achieved accordingly by adjusting the XeF 2 pressure inside the exchange chamber. 
Alternatively, the additional amount can be determined according to equation 12 and 
achieved by adjusting the recipe feeding rate Q. 
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[0035] FIG. 4 plots the surface area, the etching rate versus the etching time in an etching 
process according to the embodiment of the invention. Referring to FIG. 4, the continuous 
line represents the etching rate. The dotted line represents the surface area of the amorphous 
silicon inside the etch chamber. The dashed line represents the measured concentration of the 
etching product SiF 4 detected by the detector. 

[0036] During the first 100 seconds, the etching rate r h climbs from zero to its initial 
etching rate around 25 angstrom /second corresponding to a steady state of XeF 2 inside the 
etch chamber. During this time period, the surface area does not show a measurable change. 
The concentration of the etching product SiF 4 increases slowly. During the following 700 
seconds (from 100 to 800 seconds in the plot), the etching rate, the surface area of the 
amorphous silicon and the detected concentration of SiF 4 do not change substantially. During 
the time period around 100 seconds (from 800 to 900 seconds) after 800 seconds of etching 
process, the surface area of amorphous silicon presents a steep drop. This phenomenon arises 
from the fact that the sacrificial material of the dies around the edge of the wafer is removed, 
and the sacrificial material of the dies near the center of the wafer starts to be removed, as 
shown in FIG. lb. The variation of the surface area is analyzed from the concentrations of 
SiF 4 measured by the detector. Additional amounts of the spontaneous vapor phase XeF 2 
having adjusted pressures are fed into the etch chamber so as to maintain a constant etch rate, 
as shown in the figure. 

[0037] This etchant feeding process continues until the sacrificial material is removed. The 
removal of the sacrificial material can be indicated by many parameters. For example, when 
the etch rate is below a predetermined value, such as 1% of the initial etch rate or the surface 
area is below a predetermined value such as 1% of the initial surface area or the measured 
concentration of SiF 4 is below a predefined value, such as less than 1% of its initial value, the 
sacrificial material inside the etch chamber is removed. 

[0038] According to the invention, the spontaneous vapor phase etchant is fed into the etch 
chamber via an second loop. After the etchant feeding, the etchant is circulated via an first 
loop or an second loop that passes through the etch chamber for removing the sacrificial 
material. An exemplary etching system having the first loop and the second loop is 
illustrated in FIG. 5. 

[0039] Referring to FIG. 5, the etching system comprises etch chamber 106 and exchange 
chamber 110. The etch chamber contains the microstructure (e.g. micromirror) having 
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amorphous silicon to be removed. The spontaneous vapor phase XeF2 and one or more 
diluent gases are mixed in the exchange chamber. In the embodiment of the invention, the 
diluent gas is preferably an inert gas, such as nitrogen, helium, argon, krypton, neon or xenon 
or a mixture of one or more inert gases, and more preferably nitrogen gas or helium gas. The 
cubic volume of the exchange chamber is preferably much less than (e.g. around one 
twentieth of or one fiftieth of) the cubic volume of the etch chamber such that the amount of 
the mixed gas of XeF 2 and the diluent gas is smaller than the mixed gas (including the 
etchant, the diluent gas and the etching products) in the etch chamber. As a result, the 
feeding of the mixed gas into the etch chamber during one feeding cycle does not 
dramatically change the etching process, such as the etching rate inside the etch chamber. 
[0040] The exchange chamber, the etch chamber and valve V3, circulation pump 108, valve 
V4 and detector 109 form the outer circulation loop illustrated as a dotted line. The etch 
chamber, circulation pump 108, valve V5 and detector form the inner circulation loop as 
illustrated in another dotted line. The arrows in the figure represent the flow direction of the 
mixed gases within the etching system. Of course, the flow directions can be reversed, as 
long as all flow directions within each segment of the flow path are reversed. The circulation 
pump 108 continuously or semi-continuously pumps the gases so as to maintain the 
circulation via the two loops. Alternatively, two pumps, one in each circulation loop, could 
be provided. The detector dynamically measures the concentration of a reaction product such 
as SiF4 gas. The measured concentration is then analyzed by the processing unit to obtain the 
progress information on the etching process inside the etch chamber. In the embodiment of 
the invention, the detector is a MKS Process Sense that uses Infra-Red light to detect the 
reaction products. Other detectors, such as a Residual Gas Analyzer from AMETEK may 
also be employed. The detector is connected to data processing unit 109a, which performs 
calculations relevant to the equations 1 through 10b. Rather than the data processing unit, the 
embodiments of the present invention may also be implemented in a microprocessor-based 
programmable unit, and the like, using instructions, such as program modules, that are 
executed by a processor. Generally, program modules include routines, objects, components, 
data structures and the like that perform particular tasks or implement particular abstract data 
types. The term "program" includes one or more program modules. When the embodiments 
of the present invention are implemented in such a unit, it is preferred that the unit 
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communicates with the detector and takes corresponding actions based upon the measured 
data, such as adjusting the concentrations of the selected chemical species. 
[0041] Valves V3, V4 and V5 switch the circulation via the inner circulation loop and the 
outer circulation loop. Specifically, the outer circulation is activated by opening (e.g. 
allowing the gas to flow through) the valves V3 and V4, and closing (e.g. blocking the gas to 
flow through) valve V5. The inner circulation loop is activated by opening valve V5 and 
closing valves V3 and V4. 

[0042] The exchange chamber is further connected to diluent source chamber 104 via valve 
VI, and the diluent source chamber is connected to diluent gas cylinder 103. In the 
embodiment of the invention, helium is preferably used as the diluent gas and contained in 
the diluent gas cylinder. Of course, other suitable gases, such as inert gas (e.g. nitrogen, Ar, 
Kr and Xe) may also be used as the diluent gas. In addition to the diluent source chamber, 
the exchange chamber is also connected to etchant source chamber 102 via valve V2 and 
pump 107 via valve V6. The etchant source chamber is further connected to the etchant gas 
container, such as XeF2 container 101. 

[0043] In the etching process, XeF 2 gas is fed into the etch chamber and chemically reacts 
with the amorphous silicon. In order to expedite the chemical reaction and enhance the 
efficiency of the chemical reaction especially between XeF2 and amorphous silicon 
underneath the functional structures (e.g. the micromirrors of the micromirror devices) of the 
microstructures, the partial pressure of XeF2 gas is preferably from 0 to 15 torr. The XeF 2 
gas is mixed with a diluent gas, such as helium, having a partial pressure preferably from 20 
to 700 torr, more preferably from 50 to 100 torr and more preferably around 100 torr. The 
total pressure of the mixed gas is preferably from 20 to 700 torr. Alternatively, the total 
pressure can be 1 atmosphere or higher. The ratio of the etchant (e.g. XeF 2 ) partial pressure 
to the diluent gas partial pressure of the mixed gas is preferably from 1/1000 to 1/10, more 
preferably from 1/10 to 1/700, and more preferably from 6/100 to 4/200. The mixed gas is 
then fed into the etch chamber. The temperature of the gases (including XeF 2 , Xe, and SiF 4 ) 
inside the etch chamber is preferably around 25° degrees. Because the chemical reaction 
releases heat, which is localized in narrow regions in the vicinity of the sacrificial layers 
having amorphous silicon, these regions may have a higher temperature than the gases inside 
the etch chamber. Within the etch chamber, the mean-free-path of the etchant gas is 
preferably less than 2 micrometers, more preferably less than 0.5 micrometer. The mean- 
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free-path is defined as the average distance that a molecular travels before it collides with 
another. 

[0044] The spontaneous vapor phase XeF 2 is contained in XeF 2 container 101 that contains 
both solid phase XeF 2 and vapor phase XeF 2 . The temperature of the XeF 2 container is 
preferably around 25° degrees and the pressure is preferably from 0 to 15 torr, and more 
preferably around 4 torr. The XeF 2 container is connected to etchant source chamber 102 that 
contains vapor phase XeF 2 only. In an alternative embodiment of the invention, XeF 2 
container 101 is not provided and the solid phase XeF 2 is directly disposed inside etchant 
source chamber 102. At room temperature, a portion of the solid phase XeF 2 sublimates into 
vapor phase XeF 2 at a pressure around 4 torr inside the etchant source chamber. 
[0045] In the following, an exemplary etching process will be discussed with reference to 
FIG. 6, which illustrates steps executed in the exemplary etching process. For simplicity and 
demonstration purposes without losing the generality, the following discussion assumes that 
helium gas is used as the vapor phase diluent. 

[0046] Referring to FIG. 6, the etching process begins with filling the exchange chamber 
and the etch chamber with the helium gas (step 126) that has a pressure preferably from 20 to 
700 torr (steps 120 and 122 are optional and will be discussed afterwards). This filling step is 
achieved by opening valves VI, V3, V4, V5 and closing valves V2 and V6 for a time period, 
preferably around 500 milliseconds until the diluent gas inside the etching system reaches 
equilibrium. At step 128, the exchange chamber is pumped out so as to reduce the pressure 
inside exchange chamber and meanwhile, circulating the diluent gas through the first loop for 
a time period preferably from 100 to 1500 milliseconds. This step is accomplished by 
opening valve V5 and valve V6 and closing valves VI, V2, V3 and V4. As a result, the 
pressure inside the exchange chamber is reduced to a pressure from 0 to 15 torr, while the 
pressure inside etch chamber 106 is maintained at a pressure from 20 to 700 torr. Because 
the pressure of the exchange chamber is equal to or below the pressure of XeF 2 inside etchant 
source chamber 102, XeF 2 can thus flow into the exchange chamber, which is conducted at 
step 130 by opening valve V2 and closing valves VI, V3, V4 and V6. At this step, valve V5 
is left open - allowing the diluent gas to keep on circulating via the inner circulation loop. 
During this step, a first amount of XeF 2 flows into the exchange chamber. The amount may 
be controlled by the duration of opening valve V2. Alternatively the amount can be 
controlled through controlling the duration of the opening of valve V6. For example, by 
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controlling the open duration of valve V6, the pressure of the gas left inside the exchange 
chamber can be set to a desired pressure value, such as 1 torr, 2 torr and 3 torr, wherein the 
desired pressure corresponds to the desired additional amount of XeF 2 to be filled into the 
exchange chamber. For example, when the pressure of the gas inside the exchange chamber 
is set to 1 torr, an additional amount of XeF 2 corresponding to 3 torr (3 torr = 4 torr - 1 torr) 
is fed into the exchange chamber when valve V2 is opened. In the embodiment of the 
invention, the duration of opening valve V2 is preferably around 500 milliseconds. The 
helium diluent gas mixes with the XeF 2 etchant gas and reaches equilibrium. This step is 
accomplished by opening valve VI and closing valves V2, V3, V4 and V6 for a time duration 
preferably around 100 milliseconds. After the XeF 2 gas is mixed with the helium gas, the 
mixed gas is then fed into etch chamber 106 at step 134. This feeding step is accomplished 
by opening valve V3 and valve V4 and closing the rest of the valves, including valves VI, 
V2, V5, and V6. It can be seen that, by closing valve V5 and opening valves V3 and V4, the 
inner circulation loop is closed and the outer circulation loop is opened. As a result, the 
mixed gas flows via the outer circulation loop and passes through the etch chamber for 
etching the amorphous silicon through the chemical reaction inside the etch chamber. This 
step may last for a time period, preferably from 1000 to 3000 milliseconds, depending upon 
the measurement result of the detector 109. 

[0047] The detector dynamically measures the concentration CstF4 of the etching product 
SiF 4 using Infra-Red light. The derivative {dC Si F4 / dt) is calculated in real-time by the data 
processing unit. These measured parameters are plugged into equation 10b for calculating 
the surface area A S t (t) of the amorphous silicon so as to determine whether the surface area 
changes (step 135). If the surface area changes, the XeF 2 pressure Px e F2° being fed into the 
etch chamber is adjusted to maintain a constant pressure of XeF 2 inside the etching chamber 
P KeF2 (i) according to equation 11. Because the partial pressure of XeF 2 inside the etch 
chamber is maintained at a constant value, the etch rate is maintained at a constant value 
according to equation 3. The etching process loops back to step 128, in which a second 
amount of the spontaneous vapor phase XeF 2 having the adjusted pressure PxeF2° is prepared 
in the exchange chamber and then fed into the etch chamber so as to keep the etching rate r h 
substantially the same as the initial etching rate, n 0 . 

[0048] If the calculated surface area is less than a predetermined value, such as 1% of the 
initial surface area before etching, it is believed that the sacrificial material inside the etch 
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chamber is substantially removed. This determination can also be made based on the 
detection of the concentration of SiF 4 or the calculated etching rate (preferably the change of 
the etch rate) according to the measured concentration of SiF 4 . Specifically, when the 
measured concentration of SiF 4 is lower than a predefined value, such as 1% of its initial 
concentration, it is believed that the sacrificial material inside the etch chamber is totally 
removed. Alternatively, the current etching rate is calculated based on the measured 
concentration of SiF 4 , and compared with a predefined etching rate value, such as 1% of its 
initial etching rate. When the calculated current etching rate is less than the predefined 
etching rate, it is believed than the sacrificial material inside the etch chamber is removed. 
[0049] If step 137 determines that the sacrificial material inside the etch chamber is not 
thoroughly removed, the etching process loops back to step 134. Otherwise, the etching 
process is stopped. 

[0050] The etchant is fed into the etch chamber and circulated via the outer circulation loop 
or the inner circulation loop. Before an etch feeding, a portion of the mixed gas including the 
etchant, the diluent gas and the etching products is pumped out through the exchange 
chamber from the etching system. According to the invention, the pumping out rate, which is 
defined as the amount of the mixed gas pumped out from the etching system per unit time, is 
preferably 2 liters per minute or less. The circulation rate, which is defined as the amount of 
the mixed gas flowing through the etch chamber per unit time is preferably 1/20 liter-per- 
second or more, more preferably 1/10 liter-per-second or more, more preferably 1/2 liter-per- 
second or more, more preferably 1 liter-per-second or more. 

[0051] In the embodiment discussed above, the detector measures the amount of an etching 

product, such as SiF 4 . Alternatively, the detector can dynamically measure the concentration 

of the etchant, such as XeF 2 . In this case, etchant feeding processes are performed so as to 

keep a constant measured XeF 2 concentration- indicating a constant etching rate. 

[0052] After the sacrificial material is totally removed, the etching process can be 

terminated and the microstructure can be unloaded from the etch chamber. 

[0053] After the removal of the sacrificial materials such as amorphous silicon, materials of 

the functional layers of the microstructure are left. Exemplary such materials of the 

functional layers comprises: elemental metals (e.g. Al, Au, Pt, and Cu) or metalloid (not Si, 

and Ge), metal alloys that comprises two or more elemental metals, intermetallic compounds 

(e.g. Ni x Al x , Ti x Al y and TiNi) and ceramics (but not WN). A ceramic is a compound wherein 
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a metal (or metalloid) is bounded to a non-metal. The ceramics for the microstructures 
comprise transition metal nitride (e.g. TiN x , TaN x and CrN x ), transition metal oxide (e.g. 
TiO x , TaO x and CrO x ), transition metal carbide (e.g. WC X , TiC x , TaC x and CrC x ), transition 
metal oxynitride (e.g. TiO x N y , and TaO x N y ), transition metal silicon nitride (e.g. TiSi x N y , and 
TaSi x N y ) 5 transition metal silicon oxynitride (e.g. TiSiO x N y , and TaSiO x N y ), metalloid nitride 
(e.g. SiN x ), metalloid oxide (e.g. SiO x ), metalloid carbide (e.g. SiC x ), metalloid oxynitride 
(e.g. SiOxN y ) or other ternary and higher compounds. 

[0054] After the etching process, other optional processes, such as coating the 
microstructure with self-assembly-monolayer (SAM) material, can be performed after step 
137. Specifically, at step 136, the etch chamber is pumped out to remove the gases from 
inside the etch chamber. The microstructure is unloaded from the etch chamber (step 138) 
and transferred into the SAM chamber (SAM chamber 1 14 in FIG. 5) at step 140. The SAM 
chamber is then filled with the SAM material (step 142) so as to coat the microstructure with 
the SAM material at step 144. After the coating, the microstructure is unloaded from the 
SAM chamber at step 146. In transferring the microstructure from one chamber (e.g. the 
etchant chamber) to another (e.g. the SAM chamber), a load-lock that connects the chambers 
is preferably employed. During a transfer from one chamber to another, the microstructure 
is unloaded from the first chamber and loaded into the load-lock before loading the 
microstructure into the second chamber. 

[0055] In addition to SAM coating process, e.g. a plasma or wet etch may also be applied to 
the microstructure. Specifically, the breakthrough etch for removing the non-spontaneously- 
etchable films on the sacrificial materials is performed at breakthrough chamber 1 12 (in FIG. 
5) at step 120 before etching the microstructure using spontaneous vapor phase XeF2. After 
the completion of the breakthrough etch, the microstructure is unloaded from the 
breakthrough chamber and transferred into the etch chamber at step 122. 
[0056] In the above discussed embodiments, the provisions of the spontaneous vapor phase 
etchant occur according to the measurements of the chemical species. The amount of the 
etchant provided per time unit varies. Specifically, the amounts of the etchant are different at 
different etchant provision processes. In an embodiment of the invention, the amount of the 
etchant is varied when a change in the measured parameter is beyond a predetermined value. 
The measured parameter can be selected from the concentration of the etchant (e.g. XeF 2 ), 
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the concentration of an etch product (e.g. SiF 4 ), etching rate and surface area of the sacrificial 
materials inside the etch chamber. 

[0057] In practice, microstructures are often fabricated in similar fabrication processes and 
at different times. Given this fact, rather than using the dynamically measured parameters 
from the detector to control the etching rate, appropriate historical data of the parameter(s) 
may also be used to control the etching rate. According to the invention, one or more 
parameters are recorded through out an etching process. For example, variations of the 
etching rate, concentration of the chemical species (e.g. the etchant, and the etch products), 
surface area of the sacrificial material and other parameters versus time are recorded. In 
addition, other derivative parameters may be extracted from the measured parameters and 
recorded. For example, dependencies of the etch rate or the concentration of the chemical 
specifies to the surface area of the sacrificial material during the etching process and the first 
derivative of the parameters (e.g. the concentration of the etch product) to the time may be 
extracted and are recorded. These measured parameters and / or the derived dependencies are 
then used to control the following etching process for the same or similar microstructures. 
[0058] As a way of example, the time dependence of the concentration of SiF 4 is 
dynamically measured through out an etching process for removing amorphous silicon in a 
wafer of microstructures. This is accomplished by the detector. Then the time dependence of 
the amorphous silicon surface area through the etching process can be extracted. 
[0059] In a following etch process for removing the same or similar wafer of 
microstructures, the time dependence of the amorphous silicon surface area can be used to the 
estimate the timing of the etchant recipe feedings and the amount of the etchant recipe in each 
feeding. 

[0060] In the embodiments introduced above, the selected gas etchants are circulated via 
either the first loop or the second loop. As an alternative, the circulation of the etchant via 
the first loop or the second loop may be intermittent during the time interval between 
consecutive etchant feeding processes. This intermittent circulation profile may be 
determined ahead of the etching process. Specifically, the duration of each circulation via the 
first loop or the second loop, and the time interval between two consecutive complete 
circulations are predetermined. 

[0061] In another alternative embodiment, the inner circulation is within the etch chamber. 
That is - the etchant (and the diluent gas) is circulated within the etchant chamber after an 
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etchant feeding process. The circulation within the etch chamber may be accomplished by 
providing a fan or alike that activates and maintains the flow of the gases within the etch 
chamber. As an alternative, the etchant within the etch chamber is not circulated. 
[0062] Referring to FIG. 7, a portion of an etching system according to yet another 
embodiment of the invention is illustrated therein. Exchange chamber 148 is connected to a 
diluent gas source and etchant gas source, which can be mixed properly inside the exchange 
chamber. Specifically, the partial pressure of the etchant gas within the gas mixture can be 
adjusted with an aid of pump 158 connected to the exchange chamber. Etch chamber 150 via 
chamber gate 162 that controls the gas flow from the exchange chamber into the etch 
chamber. This arrangement clearly benefits the etchant feeding speed from the exchange 
chamber to the etch chamber. In an embodiment of the invention, the etching sample (e.g. 
microstructure 156) is held by rotatable sample holder 154 such that the etching sample 
rotates along with the sample holder. As a result, the etchant gas can be uniformly distributed 
on the etching sample surface, and the sacrificial material within the etching sample can be 
uniformly removed. Alternatively, agitator 152, such as a fan, can be disposed proximate to 
the etching sample for agitating the etchant gas within the etch chamber. 
[0063] The etching system may further comprises pump 161 that is connected to the 
exchange chamber for pumping out the gas mixture (including the etchant, the diluent gas 
and the etching products) out of the etch chamber. 

[0064] As an alternative feature of the embodiment, detector 160, which is preferably a 
Fourier-Transformation Infra-Red detector, is provided for dynamically measure the 
concentration of the etchant (e.g. XeF 2 ) inside the etch chamber. The measured concentration 
of the etchant is analyzed (e.g. by a data processing unit, which is not shown) and used to 
control the etchant feeding processes so as to maintain a constant etching rate. For example, 
when the detector detects a decrease of the concentration of XeF2 inside the etch chamber, an 
additional amount of XeF 2 (or a mixture of the amount of XeF 2 and a diluent gas) is fed into 
the etch chamber to balance the decrease. 

[0065] It will be appreciated by those skilled in the art that a new and useful apparatus and 
method for removing sacrificial materials of microstructures have been described herein. In 
view of many possible embodiments to which the principles of this invention may be applied, 
however, it should be recognized that the embodiments described herein with respect to the 
figures are meant to be illustrative only and should not be taken as limiting the scope of 
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invention. For example, those of skill in the art will recognize that the illustrated 
embodiments can be modified in arrangement and detail without departing from the spirit of 
the invention. For example, the sacrificial layers, if silicon, could also be removed by other 
spontaneous chemical vapor phase etchants, such as other noble gas halides or interhalogens 
(bromine trifluoride, bromine trichloride, etc.). For another example, a plurality of exchange 
chambers may be provided for feeding the etchant recipe. At each feeding cycle, one or more 
exchange chambers are selected to prepare the etchant recipe and feed the prepared etchant 
recipe into the etch chamber, whereas it is preferred that different exchange chambers are 
selected for prepared and feeding etchant recipes in successive feeding cycles. Therefore, the 
invention as described herein contemplates all such embodiments as may come within the 
scope of the following claims and equivalents thereof. 
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